Abstract. This paper describes a novel flapping wing micro air vehicle (FWMAV),which can achieve two active degree of freedom (DOF) movements of flapping and swing, as well as twisting passively. This aircraft has a special "0" figure wingtip motion trajectory with the 140 • flapping stroke angle. With these characteristics integrated into the simple flapping mechanism, the aerodynamic force is somewhat improved. The model made a balance between the improved aerodynamic performance induced by complicated movements and the increased weight of the extra components in aircraft. In the driven design, Only one micro-motor is employed to drive the wing flapping and swing motion simultaneously forming the prescribed trajectory. The 23 g aircraft could reach the maximum flapping frequency of 11 Hz with the tip-to-tip wingspan of 29 cm.
Introduction
Since reported in 1990s, plenty of flapping wing micro air vehicles (FWMAVs) designed to imitate a flying insect or a bird with small size and flexible wings have been attracting lots of interest (Mcintosh et al., 2006; Shyy et al., 2010; Nguyen et al., 2010) . The follow-up studies showed that flapping MAVs have greater advantages over fix wing and rotary wing MAVs in maneuverability, concealment, microminiaturization and effectiveness under low Reynolds number circumstance. Due to the favorable potentialities, FWMAVs could be widely applied in the fields of military reconnaissance, surveillance, geological exploration, hazardous environment exploration and so on (Keennon and Grasmeyer, 2003) . Plenty of expenditure have been invested by government to support FWMAV research in many countries, and many successful efforts in FWMAV have already been made, such as the studies of insect aerodynamic characteristics, flexible wing kinematics and FWMAV mechanism design.
The flapping wing mechanism of micro air vehicle is the basic work for developing FWMAVs. Through the work of Ellington and Dickinson, the complex aerodynamics of a periodic flapping stroke at low Reynolds numbers is well introduced to be a design tool for engineers to create flapping devices (Ellington et al., 1996; Ellington, 1999; Dickinson et al., 1999; Birch and Dickinson, 2001 ). These researchers are dedicated to study the flapping wing aerodynamics that provide theoretical guidance to the designers to develop new type FWMAVs. These research verified that multi-degree-offreedom (DOFs) flapping movement of the wing can generate better aerodynamic performance than single-DOF flapping movement. Accordingly, kinds of successful flying FWMAVs are developed.
Microbat is the first electrically powered palm-sized ornithopter by University of California. The key technology of Microbat is the MEMS wings which enabled the prototype to perform better in terms of repeatability, size control, weight minimization, mass production, and fast turnaround time during flapping (Pornsin-Sirirak et al., 2001) . Harvard University's Microrobotic Fly is a real insect-sized flapping wing micro air vehicle. It was driven by a high energy density piezoelectric actuator, which was much smaller compared with other flapping prototype actuators. The total weight of Microrobotic Fly is 60 mg with the wingspan of 3 cm, and the rather remarkable wingbeat frequency is 110 Hz (PornsinSirirak et al., 2000; Pérez-Arancibia et al., 2011) . The Festo Company developed a large-size aircraft named Bionic Fly-ing Fox with the mass of 580 g and wingspan of 228 cm which can fly freely in several flight models. As with the biological model, all the articulation points are on one plane, meaning that the Bionic Flying Fox can control and fold its wings together individually (BionicFlyingFox, 2018) . From the above mentioned, it can be seen that design rules of FWMAVs has been well studied and many multi-DOF prototypes have been developed. However, these multi-DOF FWMAVs usually consist of several motors and complex transmission mechanism resulting in large mass so that they need larger wingspan to generate enough power. Besides, the small sized single-DOF FWMAVs driven by piezoelectric actuators or other new actuators cannot fly freely (Finio et al., 2009; Bejgerowski et al., 2009; Rue et al., 2013; Au et al., 2016) . In nature, the flyer basic motions are combined by flapping, twist and swing. While it is difficult to imitate the exact flight model of natural flyers with suitable smallsized mechanism, it is a good choice to implement two flight models with high level lift and high energy efficiency.
FWMAVs whose wings can generate out-of-plane flapping and twist motion have already occupied for a large proportion (Yang et al., 2009; Weintraub et al., 2015; Young et al., 2009) , while the flapping mechanism of flapping and swing motion are seldom reported. The reason maybe is that wing twist is more important in aerodynamic performance than swing motion. However, for natural flyers, the motion of wing swing could change the direction of instantaneous velocity and the deformation amplitude of wings during upstroke and downstroke, and the total thrust force could be somewhat strengthened (Zbikowski, 2002; Lehmann, 1998; Ellington, 1984; Weisfogh, 1973) . The wing flapping amplitude is also an important factor to affect the aerodynamic force. According to Pérez-Arancibia et al. (2011) , the estimated mean total lift force directly depends on the wing flapping stroke amplitude and the flapping frequency regardless of the size and shape of the wing. This indicates that flying insects and birds can modulate the average lift force by changing the flapping amplitude. In fact, natural flyers mostly have a large flapping angle to increase aerodynamic forces. Due to the limit of narrow space of mechanism, many multiDOF prototypes could not achieve flapping motion with a flapping stroke angle more than 70 • , which were smaller compared to the stroke angle of 120 • of some birds and insects (Ryan and Su, 2012) . Therefore, the design of integrating wing swing motion and large flapping angle into FWMAVs can improve flying performances, and it is helpful to provide an opportunity to study the effect of large flapping angle and wing swing of the natural flyers.
Along to the thinking line mentioned above, this paper developed a new type FWMAV whose wing has swing motion with a large flapping angle. The wing tip trajectory of the novel aircraft is a spatial "0" figure which is similar with some flying insects such as cicadas. The aircraft is driven by a simple mechanism composed of one micro-motor and a two-stage gear reducer. The advantage of this mechanism is that the major axis of "0" figure wingtip trajectory can be adjusted to achieve different flying path. The mechanical design and motion analysis are presented in Sect. 2, the flutter tests are carried out in Sect. 3 to study the performance of the new FWMAV.
Mechanical design and motion parameter analysis

Overall design of the aircraft
There seems no way but to design a complicated flapping mechanism to follow the multiple DOFs flapping trajectory like birds or insects for the artificial wing beating vehicles. In that classical thinking of mechanism design, a more complicated flapping mechanism usually means better performance in flexibility and maneuverability, but also means more weight which do great harm to the aerodynamic performance of MAVs, thus it was of vital importance to balance the complexity of the mechanism and total weight. As a result, the aircraft in this paper made a trade-off between the two sides.
Firstly, the actuator must be selected. Though there are many new types of actuators for flapping MAVs, traditional motors are still the most reliable technology and widely used. However, motor actuators typically occupy a large propor-tion in the total weight of aircrafts and adversely offset a part of the valuable lift generation. After weighing the pros and cons, the traditional actuator was accepted as the source of the rotary motion in our designed aircraft. Based on the approximate weight, flapping frequency, wing span and flying speed, a light weight commercial brushless motor (AP02, 2.3 g, 3.7 V, XIPHORIX) was selected. Then, a new mechanism associated with multiple slide joints and revolute joints was proposed based on the combination of a gear reducer system, a revolving crank and a coupler which can create a large flapping stroke angle and swing motion. The motor was fixed to the main airframe with three micro plastic screws. Considering the preset maximum flapping frequency and torque loading on the wings, the appropriate gear reduction ratio was chosen and some influence factors such as machining error and installation error were also taken into consideration. It can be described as the following equation:
(1)
Where i gear , n 0 , η, and f max are the gear reduction ratio, noload rotation per minute, influential factor for rotation and maximum flapping frequency respectively. The performance parameter of the motor, rated speed n 0 is 29 600 rpm. Due to the influence of loading on wings, resistance of components, machining and installation error, η is set as 0.7. f max is no more than 12 Hz. With the relevant numerical value substituted, i gear was about 28.778. As a result, i gear was set as 27.6 according to the existing gears. These gears are made of polymer by injection molding process due to the complexity of the part shape and small size scales. Figures 1 and 2 display the 3-D model and motion principle of the aircraft. The rotational motion of the cranks on both sides of the main airframe is fully synchronous, which means that other crank-driven components symmetric about the main airframe are all always remain synchronized about the mid-sagittal plane. The wing swing motion is implemented by the forth-and-back translational movement instead of swing around the wingroot. This motion model is kind of different from the natural flyers but the change increases the effect of inner wing part during swing. In this design, it is easy to adjust the wingtip trajectory when the wing swing amplitude is a constant value which does not change with the variation of wingspan. The motion principle of the new aircraft is presented as follows. The rotational rod, rigidly attached to the crank, pushes the coupler sliding along and revolving around the guide rod all the time when the mechanism works, and always remains perpendicular to the mid-sagittal plane of the aircraft. The coupler is composed of two exactly the same rockers, two limit rods and an output link, which form a quadrangle frame structure shown in Fig. 2 . The rotational rod is inserted into the quadrangle frame structure and always keeps in contact with one edge of the frame. With this configuration, the rotational rod is able to extend and shrink, and revolve relatively to the position of quadrangle frame as the crank rotates. Compared to flexure hinges, the point and line contact form between the coupler and rotational rod reduces more weight and friction. When the rotational rod revolves around the output axis for a cycle, the coupler and its rigidly connected wing swing up and down around the guiding rod for one time; at the same time, the coupler and wing sweep forth and back along the guide rod. Therefore, with the two different types of coupler motion combined together, flapping and swing could be integrated into one wing at the same time, forming the spatial "0" figure motion trajectory. As the rotational rod reached its position in Fig. 4 , the wing tip was situated in the lower limiting position, where the wing ended the downstroke and began the upstroke. The relationship of coupler can be expressed as follows:
where l 1 and r are the movable distance of the coupler along the guide rod and the length of the crank respectively. The flapping stroke angle amplitude ϕ 0 can be written as a function of coupler geometry and length of crank as follows:
By adjusting the length of crank and l O 1 O 4 , the amplitude of the flapping stroke angle ϕ 0 can be as large as 140 • .
As the mechanism was activated, the flapping angle ϕ could be changed over time, and expressed as follows:
where n and t are the rotating speed of crank and time.
With the variation of flapping frequency, the rotating speed of crank n could be changed from 0 to 660 r min −1 by adjusting the control receiver. Based on geometry principle, the equations of motion for the coupler and wing along the coordinate axis in X , Y and Z direction are established as follows: where b is the distance from wing-tip to point O 4 . The "0" figure motion trajectory in Z O Y plane which is parallel with the mid-sagittal plane can be seen from the X -axis and expressed as follows:
and the trajectory in three-dimensional space of wing-tip can be expressed as follows:
Figures 5 and 6 show the 2-D wing-tip path as seem from X -axis direction and 3-D wing-tip path respectively. With software numerical simulation, empirical measurement and theoretical analysis, the specification of mechanism is determined and shown in Table 1 .
Fabrication of the key component
The constraint on the weight of mechanism led us to choose carbon fiber as the material for the mechanism. By using a computer numerical control CNC machine (JingYan Instrument Company, CNC4030), we acquired and assembled the desired 2-D components of the flying prototype. Nevertheless, due to many slide joints and revolute joints existing in the mechanism, there was great friction loss when it worked. It should be noticed that though possesses good structure strength and low weight in the application of MAVs, carbon fiber lacks the ability to stand sustained abrasion especially for the incision surface. The coupler, a key part in the prototype made by the material of carbon fiber, appeared wear and tear when worked with the guide rod and rotational rod after a certain period of operation time. The issue of coupler affected the repeatability of mechanism and symmetry of wings, which impeded the smooth flapping and induced the corresponding unpredictable aerodynamic forces. To eliminate these issues, we remolded a prototype version with the new frames and coupler mentioned above, replaced the rotational rod and guide rod with the material of steel. Through test, the mechanism rendered us with better structural stiffness and operation life time, due to the low friction coefficient between steel and carbon fiber.
The airfoil including wing veins and membrane were designed to match the shape and layout of the wing of fruit flies (Hassanalian et al., 2017; Meng and Sun, 2016) . Besides the characteristics of being light and strong, the airfoil has to be able to withstand high flapping frequency without breaking, and it also should be capable of generating enough lift and thrust to fly the prototype vehicles. The wing consisted of 0.5 mm thick ultrahigh modulus carbon fiber veins and 60 µm thick polyester membrane as shown in the Fig. 7 . Due to the 2-D plane structure of main spar and ribs, the wing veins were very suitable for the CNC machining.
For the same size of wings, the wings with rigid leading edges produce larger lift coefficients compared to those with flexible leading edges (Pornsin-Sirirak et al., 2001) . It should be mentioned that the airfoil in the paper was semi-closed for the part of trailing edge where the flexibility of the wing was increased compared to the closed structure. Besides, the vein of the leading edge was strengthened in width. Thus, the wings have the characteristic of rigid leading edges and soft, flexible trailing edges, which accords with high lift mechanism.
Flapping characteristics test
Experiment system
In order to investigate the effect of large flapping stroke angle and sweeping motion on aerodynamic performance, the aircraft was fixed on the force measurement device to measure horizontal and vertical forces directly, which can be viewed as total thrust and lift respectively. The force measurement device consists of two force sensors (Type 9211B, KISTLER) and a flexure hinge structure. A series of parametric tests were conducted for a range of free-stream velocities and flapping frequencies while keeping input voltage constant. Instead of lithium battery, DC voltage stabilizer was used to power the aircraft in case of instability induced by the consumption of battery electricity. Before the start of tests, two force sensors would be installed on particular positions of the force measurement device to measure horizontal and vertical forces respectively, as shown in Fig. 8 . Then, different weights were used to calibrate the measurement system based on linear deformation theory. By measuring the pressure induced by the deformation of designed cantilever structure on the force measurement device, the data obtained from the sensors was sent to data acquisition module and data processing module. More details of the aircraft at different time can also be found in host computer. When the aircraft was excited, the force sensors were activated from idle condition to record the real-time value of the measured forces. At three different free-stream velocities, between 0 and 4 m s −1 , the force data was gathered and filtered from about 60 continuous cycles with the frequency increasing from 0 to 11 Hz.
Force measurements
As seen in Fig. 9 , the schematic diagram of aerodynamic forces are showed in a flapping cycle. During the downstroke and upstroke phase, the net force F down and F up are determined by freestream velocity and wing downstroke relative velocity without considering the camber deformation in spanwise direction and wing rotation along Y -axis direction. The direction and value of net forces change all the time due to the variation of wing movement direction and twisting along X-axis direction. The component of F down and F up in Z-axis and Y -axis direction are taken as lift and thrust which are the measuring target data for the experiments.
The total lift consists of static lift and kinematic lift. The static lift is the force induced by wind speed without wing flapping motion and a complex function of the wing area, wing flexibility, attack angle, etc. The kinematic lift is caused by flapping kinematics and wing deformation, and greatly affected by the flapping frequency. The tests were repeated and real time data was obtained successfully. The average lift variations for different flapping frequencies and different wind speeds are plotted on Fig. 10 . It shows that there are no obvious changes in average lift for low flapping frequencies (≤ 5 Hz) without considering wind speed, it may because that the flapping kinematics and wing deformation exert little influence on the aircraft under the condition of low flapping frequency. As the same time, the static lift plays the major role in this phase. When flapping frequency exceeds 5 Hz as shown in Fig. 9 , the flapping kinematics and wing deformation become the major factors, resulting the total average lift rapid increase. On the condition of no wind, the maximum average lift could be up to 0.17 N with 10 Hz flapping frequency.
Due to the existence of 20 • angle of attack, the direction of wing flapping is not perpendicular to horizontal plane. As a result, lift is the component force of the net force during flapping and the wings produce less lift compared to the mechanism without the attack angle. Figure 10 also shows that an increase of free-stream velocity results in lift increase, and for high frequency the increase will be less. As the tunnel wind speed increases, the static lift increases and kinematic lift has little changes leading the increase of total average lift. The varied proportion of static lift and kinematic lift induce by different frequencies and velocities determines the increase of the total lift. The maximum average lift could be up to 0.22 N under the condition of free-stream velocity.
As seen in Fig. 9 , the upstroke phase generates all propelling force by acting on air, but there still a great loss for the negative effect of wind freestream, because of the opposite movement direction of freestream and wing in horizontal direction. Besides, the thrust generated in upstroke phase has to cancel out the drag in downstroke phase. As a result, the value of average thrust in Fig. 11 seems much smaller compared to lift in the same cycle. Figure 11 also shows the average thrust variations for different free-stream velocities and flapping frequencies. The tendency that an increase in flapping frequency always results in higher propulsive force is clear. Note that the average thrust value increases more quickly for higher flapping frequency compared to the lower. The reason is that increased relative velocity of flexible wing and wind freestream generates more propelling force to the wing in horizontal direction. It is easier to understand the relationship between flapping frequency and thrust with the supplement of Fig. 9 .
The general trend of average thrust for different windspeeds and frequencies are very similar. With the existence of attack angle, the forwardandback swing motion of wings increases the horizontal effective action area of airfoil under the effect of wind, which means more drag force generated under the action of the tunnel wind and more thrust in upstroke phase. When the flapping frequency is very low, the average drag value could be attained from the Fig. 11 directly. The drag increases with the growth of wind speed and reaches its maximum value when the wind speed is up to 4 m s −1 . For higher flapping frequency, the propelling force is strengthened and it offsets part of drag force, thus the trend of total average thrust is gradually growing from negative value to the positive with the frequency increasing.
Conclusion
In this paper, a multi-DOF flapping wing air vehicle with elliptical wingtip trajectory was developed. It has the characteristic of 140 • flapping stoke angle and forth-and-back swing motion. Multiple sliding and rotational joints are the designed key structure to achieve flapping and swing motion simultaneously. We also made tests on the aerodynamic performance of the aircraft. Lift and thrust were measured for different flapping frequencies and wind freestream velocity with the 20 • attack angle. The increase of flapping frequency results in average lift increase and it is more obvious for larger flapping frequency. Different from the negative effect on thrust, the wind speed plays a positive role to lift increase. The value of average thrust is much smaller compared to lift in the same tests and the variation trend of average thrust seems similar to average lift. Finally, we believe that the mechanism is still too heavy to fly and the correlated flow visualization of the elliptical wingtip trajectory deserves follow-up attentions.
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